important as well as being an interesting process for several reasons. First, rN burial to sediments is one of few links between two major N cycles that have very different time scales, i.e., the biogeochemical cycle in the biosphere and the geological cycle through the geosphere (Holloway and Dahlgren, 2002) . In this sense, the burial rate of rN controls the exchange of N between the biosphere and geosphere. Second, the permanent burial of rN to sediments is closely coupled with that of organic carbon (OC) because coastal marine sediments usually contain OC and rN at a relatively constant atomic ratio of about 10:1 (e.g., chapter 11 of Burdige, 2006) . This association suggests that the sequestration of OC into marine sediment is controlled by the burial rate of rN, or vice versa. This process is particularly remarkable in terms of the atmospheric CO 2 budget because the permanent burial of marine OC ("blue carbon") is now regarded as one of the most promising pathways of carbon sequestration (Nellemann et al., 2009) . Third, the sequestration of rN to the sediment may play a quantitatively significant role in local rN budgets, especially in estuaries, mangroves, salt marshes, and seagrass beds, where detrital organic matter with an OC:rN ratio much higher than 10:1 is abundant. Bacterial immobilization of ambient dissolved inAbiotic versus biotic immobilization of inorganic nitrogen in sediment as a potential pathway of nitrogen sequestration from coastal marine ecosystems TOSHIHIRO MIYAJIMA* Atmosphere and Ocean Research Institute, The University of Tokyo, Kashiwanoha 5-1-5, Kashiwa 277-8564, Japan (Received September 10, 2014; Accepted May 5, 2015) Dissolved inorganic nitrogen (DIN), such as NO 2 -and NH 4 + , is known to react abiotically with organic matter to form organic N under specific conditions. However, the contribution of abiotic processes to the dynamics of DIN in marine environments has not been sufficiently evaluated. In this study, I demonstrated using 15 N-labeled tracers that abiotic immobilization of DIN (particularly NO 2 -) occurred in coastal marine sediments after samples were autoclaved or treated with HgCl 2 , and compared it with the biotic immobilization (bacterial assimilation) of DIN in terms of reaction rate, product yield, and the degradability of the organic N produced. Abiotic and biotic immobilization of N from DIN into solid sediment occurred within a period of days to a few weeks. NH 4 + , NO 2 -, and NO 3 -were significantly immobilized by biotic processes in the sediment investigated, although microbial dissimilatory reduction seemed to be the primary sink for NO 2 -and NO 3 -. In contrast, only NO 2 -was significantly immobilized in the sediment by abiotic processes. Abiotic immobilization of NO 2 -apparently obeyed first-order kinetics when the concentration of NO 2 -was <200 mM. Decomposition experiments with natural sedimentary bacteria demonstrated that organic N formed biotically from NH 4 + and abiotically from NO 2 -was operationally separated into a readily decomposable fraction and a refractory fraction. The refractory fraction of immobilized N ranged from 22% to 68% and was apparently dependent on the physical nature of the sediment (e.g., specific surface area), rather than whether it had been produced biotically or abiotically. This observation suggested that abiotically immobilized N can be preserved in sediment to a similar extent, and by similar mechanisms, as biotically produced organic N.
INTRODUCTION
In the marine nitrogen (N) cycle, the input to and output from the ocean of reactive N (rN) are closely balanced at approximately 270 Tg y -1 (Gruber and Galloway, 2008) . The dominant rN flux to the ocean is believed to be N fixation by cyanobacteria; however, terrestrial rN inputs to the ocean through rivers, groundwater, and especially atmospheric deposition have increased annually due to the increasing industrial fixation of N 2 on land since the beginning of the last century, and they now amount to nearly half of the total rN input to the ocean (Galloway et al., 2004) . About 99% of rN efflux from the ocean occurs through denitrification. Consequently, the ocean as a whole is a large net sink of rN, removing >100 Tg rN per year from the global surface environment.
Apart from denitrification, the ocean is also losing rN through the deposition and permanent burial of particulate N, especially into coastal and shelf sediments. Although the global rate of rN burial is relatively small (~1% of total rN output from the ocean), it is biogeochemically organic nitrogen (DIN) into solid sediment is generally favored as opposed to remineralization of organic N in the diagenetic process of OC-rich organic matter (Cifuentes et al., 1996; Tremblay and Benner, 2006) . As a result, the recycling efficiency of N from the sediment is reduced in such environments and relatively N-limiting conditions prevail.
N stored in marine sediment is conventionally assumed to consist of organic N contained in particulate organic matter deposited through the overlying ocean water, and its degradation products. However, the biochemical reactions that occur in sediments are not necessarily confined to those categorized as degradation and mineralization (Burdige and Martens, 1990; Burdige, 2007) . Small organic molecules, such as amino acids, generated by the degradation of detrital organic matter can be resynthesized by indigenous microorganisms into large, complex macromolecules (often referred to as "salvage pathways"), and even DIN can be utilized by microorganisms to synthesize cellular components (referred to as "de novo synthetic pathways"). These secondary biosynthetic reactions are considered to play essential roles in the production of highly refractory, poorly characterized organic matter (Parkes et al., 1993) and the preservation of organic N in marine environments (Rice and Hanson, 1984; Tremblay and Benner, 2006) .
In addition to biosynthetic reactions, abiotic processes may also significantly influence the fixation and stabilization of rN in marine sediment. Although little direct evidence of abiotic N fixation in marine sediment has been obtained, several chemical reactions between DIN and humic organic matter in soils have been reported to produce organic N species and potentially contribute to N immobilization in natural environments (reviewed by Mikita, 1992, 2000) . Abiotic reactions between NH 4 + and humic substances are known to proceed under basic, rather than acidic, conditions. Putative reaction sites on humic substances are phenolic and unsaturated ketone moieties, and, presumably to a much lesser extent, reducing sugars and dicarboxylic acids. The major products of these reactions are considered to be indole, pyrrole, pyridine, pyradine, amide, imide, and aminohydroquinone (Thorn and Mikita, 1992 ). In contrast, abiotic reactions between NO 2 -and humic organic matter are enhanced under weakly acidic conditions. The most likely reaction is the formation of C-nitroso-compounds R-N=O (nitrosation) from polyphenolic and methoxyl moieties and activated methylene Cs, which is often followed by conversion into corresponding oximes. The major products include nitrosophenol, quinone monooxime, aldoxime and ketoxime (Azhar et al., 1986; Thorn and Mikita, 2000) . Further N-nitrosation of these products by NO 2 -may result in the production of N 2 or N 2 O ("chemodenitrification"; Thorn and Mikita, 2000) .
These reactions potentially occur and contribute to the permanent sequestration of N in natural soils, as well as in marine sediments where humic substances are abundant.
The roles of abiotic reactions involving inorganic species, such as the role of hydrogen sulfide in the stabilization of OC, have been well documented in marine and freshwater sediments (Sinninghe Damsté et al., 1998; Urban et al., 1999; Hebting et al., 2006) . Similarly, in forest and agricultural soil systems, considerable evidence of abiotic processes that fix DIN into organic N and then retain N within surface soil layers for a long period has been found (Berntson and Aber, 2000; Johnson et al., 2000; Fitzhugh et al., 2003a; Moritsuka et al., 2004) . In the case of marine sediment, the role of abiotic reactions in the N cycle has been recently established in terms of the potential contribution to chemodenitrification (reviewed by Hulth et al., 2005) . However, the possible role of abiotic immobilization in the N cycle, i.e., the incorporation of DIN into refractory organic matter within sediment, has not been evaluated in marine systems.
In this study, I evaluated the potential of abiotic immobilization of DIN into marine sediments through experiments using 15 N-labeled tracers, and compared the reaction rate, product yield, and degradability of produced organic N with biotic immobilization (bacterial assimilation). We conducted three different incubation experiments using marine sediment with 15 N-labeled substrates. In the first experiment (immobilization experiment), live and sterilized sediments spiked with 15 NH 4 + , 15 NO 2 -, or 15 NO 3 -were incubated to confirm the occurrence of biotic and abiotic immobilization within a biogeochemically meaningful time span (i.e., days to weeks). The second experiment (kinetics experiment) involved incubations similar to the first experiment with sterile sediments, but was performed with various initial concentrations of DIN to examine the reaction kinetics of abiotic immobilization. In the third experiment (degradation experiment), previously immobilized 15 N (formed during the immobilization experiment) was incubated with live sediments to evaluate the bacterial degradability of the products of biotic/abiotic immobilization.
MATERIALS AND METHODS

Sampling
Sediment for incubation was collected from two contrasting sites (sites 1 and 2) in Otsuchi Bay, northeastern Japan, in May 2005 and May 2006, using a SmithMacintyre sediment grab sampler (Rigo Co. Ltd., Japan) ( Table 1 ). The water depth was greater and the sedimentary conditions were more stable at site 1 than site 2. As a result, sediment samples from site 1 were generally more fine-grained, with a larger water content, a larger spe-cific surface area, and a higher concentration of OC, than those from site 2 ( Table 1 ). The OC in both sediments consisted mainly of an acid (1.0 N HCl)-insoluble, apparently terrestrial (d 13 C, -26.5 to -25.9‰ vs. Vienna Pee Dee Belemnite) fraction (>90% of total), with a small fraction (3-6%) of acid-soluble OC of apparent marine origin (d 13 C, -24.5 to -23.9‰). Sediment samples were brought to a laboratory near the bay and incubation experiments commenced within 36 h of collection. Because the sampling points were not exactly the same in 2005 and 2006, we refer to the sediment samples collected from sites 1 and 2 in 2005 as "05-1" and "05-2", and those in 2006 as "06-1" and "06-2", respectively. For incubation experiments, freshly collected sediment (300-600 g wet weight for a single treatment) was mixed with seawater (700-1100 g) collected at the same site to make a suspension. The experimental protocols are outlined in Fig.  1 and explained in detail below. Apart from sediment samples to be used for incubation, triplicate portions (~50 g) of each sediment were subsampled for later analysis of water content, specific surface area, pore-water DIN, and bulk C and N content. Pore water was extracted by centrifuge (1500 g, 4∞C, 15 min). Pore water samples were stored frozen (-20∞C) , and the bulk sediment samples were freeze dried and stored in a desiccator until required for further treatment. Water content was evaluated from the weight loss during a freeze-drying process.
Immobilization experiment
Three batches of sediment suspension were prepared from each site. In the 2005 experiment, one batch of sediment suspension was used for incubation with no treatment (referred to as "control"). The other two batches were autoclaved at 121∞C for 60 min to terminate microbial activity. An examination of several sediment samples collected separately indicated that the pH of the sediment suspension dropped on autoclaving from the initial value of 7.5-7.7 by 0.07-0.31 pH units. One autoclaved batch was used directly for incubation (referred to as "autoclaved"), and the other autoclaved batch was amended with small amounts of unsterilized sediment and seawater collected from the same site, then mixed well before incubation ("mixed" treatment). The detailed composition of the sediment suspensions is shown in Table 2 . In the 2006 experiment, control and autoclaved batches of sediment suspension were prepared similarly to those used in 2005, and the third batch of sediment suspension was sterilized by adding HgCl 2 (final concentration, 0.05% w/v; referred to as "HgCl 2 " treatment). The mixed and HgCl 2 treatments were prepared to examine how the chemical alteration of sediment due to autoclaving (apart from sterilization) might affect the results of incubation.
While homogenization was maintained with a highpower magnetic stirrer, each batch of sediment suspension was distributed aseptically to smaller sterile containers (screw-capped polypropylene flat-bottom vessels (inner diameter, 55-mm; volume, ca. 120 ml; receiving 85 ml of sample suspension) in the 2005 experiment; 50-ml sterile, screw-capped, polypropylene centrifuge tubes (inner diameter, 27-mm; volume, ca. 55 ml; receiving 40 ml of sample suspension) in the 2006 experiment). The containers were divided into three groups. In the first group, 15 NH 4 Cl, Na 14 NO 2 , and K 14 NO 3 (>99% enrichment levels of 15 N or 14 N) were added to a final concentration of 200 mM each through sterile syringe filters (0.2-mm pore size) and mixed well. In the second and third groups, the solutions were also added, although 15 15 NO 3 , respectively, in the third group (i.e., so that only one of the three species might be labeled with 15 N but the concentrations would be identical). Analysis of the supernatant of the suspension revealed that the Na 15 NO 2 reagent used here contained about 5 mol-% of Na 15 NO 3 as a contaminant. The containers were capped immediately and incubated in the dark at 15∞C. They were gently shaken by hand once a day during the incubation period.
One container from each group was sacrificed for analysis on days 0, 3, 7, 14, 21, and 28 (in 2005) 53.3 ± 0.7 (n = 4) 53.6 ± 0.3 (n = 2) 32.7 ± 1.2 (n = 4) 36.6 ± 3.5 (n = 2)
Organic carbon content (mmol C g -1 ) 2.87 ± 0.09 (n = 4) 2.92 ± 0.13 (n = 3) 0.79 ± 0.09 (n = 4) 0.51 ± 0.06 (n = 3) Organic C to Total N ratio (mol/mol) 18.7 ± 0.3 (n = 4) 19.5 ± 0.4 (n = 3) 13.4 ± 0.2 (n = 4) 10.2 ± 0.5 (n = 3) 10, 15, 25, 35, and 53 (in 2006) . The suspension in the containers was centrifuged at 4∞C and 1500 g for 30 min. A portion of the supernatant was stored frozen at -20∞C. The pellets were washed three times by resuspending in Milli-Q water (35 ml) and centrifuging again. The washed pellets were freeze-dried and stored in a desiccator.
Acid treatment
Inorganic nitrogen species in seawater may be incorporated into solid sediments not only by the formation of various chemical bonds through biotic and/or abiotic reactions, but also by passive and reversible adsorption onto the surface of sediment grains. The portion of 15 N that is associated with solid sediment by reversible adsorption or labile chemical bonds may be remobilized by certain extraction procedures such as leaching by acids. To evaluate the remobilization of 15 N by acid treatment, some representative samples produced in the immobilization experiment were treated with dilute HCl. Portions (0.5 g) of dried sediment samples from the immobilization experiment in 2005 were placed in screw-capped 10-ml glass tubes with 5 ml 1.0 N HCl, mixed well using a vortex mixer, and kept for 24 h at room temperature with occasional vortexing. The tubes were centrifuged at 4∞C at 1000 g for 20 min, and supernatants were discarded. The pellets were washed once with 5 ml 1.0 N HCl and then twice with Milli-Q water by repeating the resuspension/ centrifugation process. The final pellets were freeze-dried and stored in a desiccator until analysis.
Kinetics experiment
Batches of sediment suspension similar to those used in the immobilization experiment were prepared using 506 g (site 1) or 502 g (site 2) of wet sediment and 1200 g seawater freshly collected from each site in May 2006. Thirty milliliters of suspension were dispensed to each of 30 screw-capped 50-ml polypropylene centrifuge tubes. The tubes were capped tightly and autoclaved at 121∞C for 60 min. After cooling, the tubes were divided into six groups, each consisting of five tubes, and a Na 15 NO 2 solution was added aseptically to obtain final concentrations of 20, 50, 100, 200, 500, and 1000 mM, respectively. The tubes were capped tightly and incubated in the dark at 15∞C for up to 10 days.
One (day 0) or two (days 5 and 10) tubes from each group of each site were sacrificed for analysis. The tubes were centrifuged at 4∞C and 1500 g for 30 min and supernatants were discarded. The pellets were washed three times by resuspending in Milli-Q water (35 ml) and centrifuging again. The washed pellets were freeze-dried and stored in a desiccator.
Degradation experiment
Dried sediments from the final samples (i.e., 28 days of incubation) from the 2005 immobilization experiment, which had been significantly labeled with 15 N, were subjected to a decomposition experiment after being inoculated with live sediments collected from the same sites in May 2006. Wet sediments (80 g from site 1, 60 g from site 2; collected in May 2006) were placed in two 1500-ml glass bottles for each site, and 500 ml seawater collected at the same sites was added to each bottle. Five grams of site-specific 15 N-labeled dry sediment, which was produced by incubation of control samples with 2, 5, 10, 15, 25, 35, 47 , and 70 days), the bottles were well shaken by hand to make a suspension, and a 40-ml portion from each bottle was transferred to a polypropylene centrifuge tube. The tubes were centrifuged at 4∞C and 1500 g for 30 min and a portion of the supernatant was stored at -20∞C. The pellets were washed three times by resuspending in Milli-Q water (35 ml) and centrifuged again. The washed pellets were freeze-dried and stored in a desiccator.
Analyses
Concentrations of NH 4 + , NO 2 -, and NO 3 -in supernatant samples were determined using an autoanalyzer (AACS-II, BRAN + LUEBBE) after appropriate dilution with nutrient-depleted seawater. The reproducibility of measurement was <2% of the measured concentration. The enrichment of 15 N in dissolved NO 2 -and NO 3 -was evaluated via the production of pentafluorobenzyl derivatives according to Miyajima et al. (2005) using GC-NICI-MS (GC6890/MSD5973N; Agilent Technologies). The reproducibility was £5% when the concentration was ≥1 mM. Total nitrogen (TN) content and 15 N in TN in freeze-dried sediments were determined using an elemental analyzer (NA-1500; FISONS Instruments) connected to an isotope-ratio mass spectrometer (IRMS; DELTA plus XP; ThermoFisher Scientific). The instrumental errors were <5% for TN and <0.2‰ for d 15 N. The output of the IRMS (d 15 N) was calibrated using a series of standard substances of known atom% 15 N prepared from 99% 15 N (Cambridge Isotope Laboratories, Inc.) and natural abundance-glutamic acids. The concentration of 15 N was then calculated from the concentration and atom% 15 N of TN. The specific surface area of sediment was measured by the BET method (BELSORP-mini II; BEL JAPAN, Inc.) after oxidation at 350∞C for 12 h in a normal atmosphere followed by outgassing at 350∞C for 3 h in a vacuum (Mayer et al., 2002) . Regression, statistical analysis, and curve fitting were conducted using commercial software (pro Fit ver. 6, QuantumSoft and Aabel ver. 4, Gigawiz).
RESULTS
Immobilization experiment
In the control samples, NO 3 -and NO 2 -decreased rapidly and were almost depleted by day 10 (Figs. 2a and g; Figs. 3a and g). NH 4 + was also gradually consumed and was depleted by day 28 or 35. In Figs. 2 and 3, the concentrations are nmol per unit dry weight of sediment, which can be converted into a normal concentration (such as mM) by multiplying the sediment dry weight and dividing by the liquid-phase volume shown in 05-2. a, d, g, j: control treatment; b, e, h, k: autoclaved treatment; c, f, i, l: mixed treatment. The concentrations of NH 4 + exhibited relatively large standard deviations (n = 3 for each plot) compared with those of NO 3 -and NO 2 -. In the HgCl 2 -treated samples, both NO 3 -and NO 2 -were consumed and NH 4 + accumulated over time (Figs. 3c and i Fig. 2 . a-f: sediment 06-1; g-l: sediment 06-2. a, d, g, j: control treatment; b, e, h, k: autoclaved treatment; c, f, i, l 25, 35, and 53 days of incubation) were larger than in the control samples (8.0 ± 0.5% and 5.8 ± 0.9%), but smaller than in the autoclaved samples (34.7 ± 2.8% and 11.5 ± 0.4%). In the HgCl 2 samples, the final SO 15 N yields from 15 NO 2 -were higher than those from 15 NO 3 -(9.0 ± 3.4% for 06-1 and 3.2 ± 0.5% for 06-2).
Acid treatment
A significant amount of 15 N was found in the solid sediment fraction when incubated with 15 NH 4 + for only 60 min (i.e., day 0 in Figs. 2 d-f, j-l) ; however, 72.6 ± 2.3% (05-1, mean ± SD, n = 3) and 84.1 ± 2.8% (05-2, n = 3) of the 15 N that was found in the solid sediment fraction were removed by treatment with 1.0 N HCl. In contrast, SO 15 N produced from 15 NH 4 + and accumulated by days 14 and 28 in the control and mixed samples was found to be acid resistant, with only 17.8 ± 5.1% (05-1, n = 4) and 29.9 ± 4.7% (05-2, n = autoclaved treatment, 36.1 ± 3.1% (05-1, n = 2) and 55.8 ± 5.5% (05-2, n = 2) were remobilized by the HCl treatment.
Kinetics experiment
The concentration dependence of the abiotic immobilization rate of NO 2 -in autoclaved sediments was evaluated by incubation for 10 days with various concentrations of 15 NO 2 -, ranging from 20 to 1000 mM. Although subsampling was performed only three times (days 0, 5, and 10), a slowing of the immobilization rate between days 5 and 10 compared with that between days 0 and 5 was observed in most cases (Figs. 5a and b) , presumably due to the depletion of reactants. Therefore, the timecourse change of the immobilization rate under given initial conditions was assumed to be approximated by an exponential function: (Figs. 5a and b) .
The initial immobilization rate was linearly correlated with the initial concentration of 15 NO 2 -over the whole 
in the autoclaved sediments 06-1 (a) and 06-2 (b). Bottom: dependence of the reaction rate of abiotic immobilization of NO 2 -on its concentration in the autoclaved sediments 06-1 (c) and 06-2 (d). Error bars represent the standard deviations of fitted parameters, determined by regression analysis (see text).
range of 0-1000 mM in the case of 06-1 (Fig. 5c) , and was within the range of 0-200 mM in the case of 06-2 (Fig. 5d) . In sediment 06-2, the immobilization rate displayed very large deviations between duplicate incubations and did not markedly increase when the initial concentration exceeded 200 mM. For the linear ranges (20-1000 mM for 06-1, 20-200 mM for 06-2), the firstorder rate constant of abiotic immobilization of NO 2 -(i.e., the increase in immobilization rate per unit increase in initial concentration of 15 NO 2 -) was calculated by linear regression and was found to be about three times larger in 06-1 (0.23 ml g -1 d -1 ) than in 06-2 (0.081 ml g -1 d -1 ). Assuming the water contents of sediments 06-1 and 06-2 to be 53.6% and 36.6% w/w, respectively (Table 1) , these rate constants indicate that NO 2 -in the pore water of sediments 06-1 and 06-2 could be turned over by abiotic immobilization alone within 5.0 and 7.1 days, respectively, when NO 2 -was rate limiting.
Degradation experiment
All 15 N labels in the sediment fractions decreased gradually during the decomposition experiment (Fig. 6) . At the beginning of the incubation, around 50 mM of DIN (including 14 N and 15 N) was present mainly as NH 4 + in the water phase, which corresponded to 200-650 nmol g -1 on a sediment dry-weight basis depending on the samples (Fig. 6) . Although the concentration of DIN did not change much during the first half of the incubation period, DIN (mainly NO 3 -) was gradually accumulated in the latter half (up to 190 mM or 2200 nmol g -1 ). Active degradation apparently ceased before all the 15 N was removed from the sediment fraction (Fig. 6 (Figs. 6c and d) . The decay constant was larger, and the fraction of refractory SO 15 N was smaller, in sediment from 05-2 than in that from 05-1, although the uncertainty in the estimation was large, especially for the decay constants.
DISCUSSION
Immobilization of N from DIN into solid sediment occurred within a period of days to weeks in the presence of normal (control and mixed treatments) and suppressed (autoclave and HgCl 2 treatments) microbial activity. These results confirm that sediments can serve as active, if temporary, sinks in the biogeochemical N cycle in coastal marine ecosystems, like soils in terrestrial ecosystems (e.g., Berntson and Aber, 2000; Fitzhugh et al., 2003a) . NH 4 + , NO 2 -, and NO 3 -were all significantly immobilized by biotic processes in the sediment investigated, although dissimilatory reduction (denitrification, anaerobic ammonia oxidation (anammox), and dissimilatory nitrate reduction to ammonia (DNRA)) apparently overwhelmed the immobilization of NO 2 -and NO 3 -. In contrast, only NO 2 -was significantly abiotically immobilized in the sediment, which is a major difference from terrestrial soil systems, where abiotic incorporation into organic fractions has been reported for NH 4 + (Johnson et al., 2000) , NO 2 - (Fitzhugh et al., 2003b) , and NO 3 - (Dail et al., 2001) .
Biotic immobilization
In unmodified sediment (i.e., control treatment in the immobilization experiment), NH 4 + , NO 2 -, and NO 3 -added to the incubation vessels were all removed from the water phase within 1 month ( Figs. 2a and g Miyajima et al. (2001) reported that about 10% of carbohydrates bound to solid sediment could be extracted to the water phase simply by autoclaving. Mineralization of such labile organic matter should have resulted in a nonsteady-state release of NH 4 + that could not be consumed sufficiently rapidly by nitrifiers. In addition, due to high bacterial respiration stimulated by the extracted labile organic matter, oxygen in the incubation vessels was considered to have been rapidly depleted, so that nitrification might be excluded.
The immobilization of N into solid sediment in the control and mixed samples can be ascribed principally to the bacterial assimilation of DIN into cellular organic macromolecules, such as proteins, nucleic acids, and peptidoglycans. However, the immobilization of NH 4 + may also occur by passive adsorption onto sediment particles. The extent to which adsorption contributed to the observed immobilization of NH 4 + was examined in the acid-desorption experiment. -were greater for sediments from site 1 (05-1, Fig.  2d; 06-1, Fig. 3d ) than for those from site 2 (05-2, Fig.  2j; 06-2, Fig. 3j ). This difference is presumably due to the higher OC content of the site 1 sediment (Table 1) , which could serve as a C source for bacterial growth. The higher OC/TN ratio in the site 1 sediment (Table 1) would have also resulted in N-limited, rather than C-limited, conditions and forced bacteria to assimilate more DIN from the aqueous phase (Blackburn and Henriksen, 1983) .
The results obtained with the control and mixed treatments confirmed that marine sediments have a significant capacity to retain N through biotic immobilization of DIN, even when denitrification proceeds simultaneously as a competitive process for DIN.
Abiotic immobilization
In contrast to the biotic immobilization of DIN, in which NH 4 + was most actively immobilized in sediment, NO 2 -was the most important species of DIN in immobilization under sterile conditions (i.e., autoclaved treatment in the immobilization experiment). During incubation with autoclaved sediments for 28-53 days, 12-60% of the 15 NO 2 -added was fixed as SO 15 N within the sediments. During the same period, only 4-16% of the 15 NH 4 + and 0.3-3.8% of the 15 NO 3 -added were fixed within the sediments. The fraction of 15 NH 4 + that was fixed in the sediment did not significantly change with time. The observed fixation of 15 NH 4 + may have been due primarily to passive adsorption of NH 4 + on mineral particles, as suggested by the HCl-desorption experiment. In addition, it was suggested that a slow isotope exchange reaction between NO 2 -and NO 3 -occurred abiotically (Fig. 4) . If this is the case, the apparent fixation of a small amount of NO 3 -might have been the result of abiotic conversion of 15 NO 3 -into 15 NO 2 -, which was subsequently fixed as SO 15 N in the sediment. Therefore, we conclude that NO 2 -is the only DIN species that can undergo significant immobilization by abiotic reactions in this sediment.
Similar fixation processes were observed in sediments in which microbial activities were suppressed by HgCl 2 (Figs. 3f and l) . However, the immobilization rate of 15 NO 2 -was lower in samples receiving the HgCl 2 treatment than in those receiving the autoclave treatment (Figs. 3e and k). There are several possible reasons for this difference. First, the abiotic immobilization in the autoclaved samples might have been artificially enhanced by the chemical alteration of the sediment during autoclaving. It is known that autoclaving often results in a release of soluble organic matter from soils and sediments (Berns et al., 2008; Miyajima et al., 2001) . Solubilization of organic matter might have exposed potential reaction sites for NO 2 -that were not available in the control and HgCl 2 -treated sediments. Therefore, the immobilization yield observed in the autoclaved samples would not quantitatively represent what can be encountered in natural environments. This case should be regarded as a qualitative model of the abiotic reactions between naturally occurring organic matter and NO 2 -. Second, HgCl 2 might have masked potential reaction sites for NO 2 -on sediment grains or directly interacted with NO 2 -and the reactive intermediates derived from it. Such effects would have reduced the immobilization of NO 2 -in the HgCl 2 -treated sediment compared to the autoclaved one. Third, and more importantly, the evidence suggests that the addition of HgCl 2 could not entirely prevent bacterial activity and therefore the added 15 NO 2 -would have been partially assimilated into SO 15 N, nitrified, and/or denitrified. The lower rate of immobilization observed in the HgCl 2 samples than the autoclaved samples was a result of competition for NO 2 -with nitrification and denitrification. In particular, with sediment 06-1, NO 3 -and NO 2 -were consumed in the HgCl 2 treatment (Fig. 3c) as rapidly as in the control (Fig. 3a) , and significant fractions of 15 NH 4 + and 15 NO 3 -were immobilized as SO 15 N in the HgCl 2 treatment (Fig. 3f) presumably by bacterial processes. In fact, some bacterial processes are known to persist at a relatively high concentration of HgCl 2 (Trevors, 1983) . In such a case, the incorporation of 15 NO 2 -into SO 15 N in the HgCl 2 samples could not necessarily be ascribed to abiotic reactions because bacterial assimilation of 15 NO 2 -was possible. In contrast, with sediment 06-2, the consumption of NO 3 -and NO 2 -in the HgCl 2 treatment (Fig.  3i) was much slower than in the control (Fig. 3g) , which suggests that HgCl 2 effectively suppressed bacterial activity. In such a case, the incorporation of 15 NO 2 -into SO 15 N (Fig. 3l ) could be ascribed principally to abiotic reactions, even if the yield of SO 15 N was lower than that in the autoclaved samples (Fig. 3k) , or not higher than that in the control samples (Fig. 3j) .
The final yield of abiotic immobilization of NO 2 -was consistently larger in sediment from site 1 (Figs. 2e and f; Figs. 3e and f) than in that from site 2 (Figs. 2k and l; Figs. 3k and l), as was the case for the biotic immobilization of NH 4 + , NO 2 -, and NO 3 -. This finding suggests that the abiotic immobilization of NO 2 -, as well as the biotic immobilization of DIN, depends on the OC content or the OC/TN ratio of sediment, and that some chemical bonds are formed abiotically between NO 2 -and organic matter. On the other hand, the SO 15 N produced by the abiotic immobilization of NO 2 -was more acid labile than that derived from the biotic immobilization of NH 4 + . This result indicates that the chemical structure of SO 15 N produced by abiotic immobilization differs from that of organic N of bacterial origin, and that the chemical bonds formed abiotically between NO 2 -and organic matter are more acid labile than biochemically formed bonds, such as amides. Although the current study cannot provide insight into specific chemical structures, certain reactive organic moieties, such as phenols and activated methylene groups, which can be abiotically nitrosated by NO 2 -, have been suggested to be potential scavengers of NO 2 -in soils (Azhar et al., 1986; Thorn and Mikita, 2000) .
The reaction rate of the abiotic immobilization of NO 2 -was linearly dependent on the concentration of NO 2 -, at least when the concentration was not high (Figs. 5c and d) . No clear threshold concentration was observed, suggesting that abiotic immobilization can proceed even when the ambient concentration of NO 2 -is low. In the sediment from 06-2, the reaction rate deviated from linearity and tended to be saturated when the concentration of NO 2 -exceeded 200 mM (Fig. 5d) , suggesting that potential reaction sites on sediment particles became de-pleted. No such deviation was observed in the 06-1 sediment for NO 2 -concentrations £1000 mM (Fig. 5c) , implying a higher density of potential reaction sites on the surface of sediment from 06-1 than on that from 06-2. These observations indicate that abiotic immobilization is a first-order reaction with respect to NO 2 -and reactive organic matter; i.e., the overall reaction rate is limited by the frequency with which NO 2 -encounters potential reaction sites on the surface of a particle.
Degradability of immobilization products
The results of the degradation experiment suggest that bacterial degradability (percentage and decay constant of the apparently labile fraction) did not differ significantly between organic N produced by indigenous bacteria from DIN and that produced by abiotic reactions of NO 2 -with reactive organic matter in the sediment. Irrespective of the mechanism of production, a significant fraction of organic N in the sediment can apparently survive for a long period. The fraction of long-lived organic N (N r /(N r + N l ) in Fig. 6 ) was larger and the decomposition rate of the apparently labile fraction (m d in Fig. 6 ) was slower in sediment 06-1 than 06-2, which suggests that both were controlled by characteristics of the bulk sediment such as specific surface area and the OC/TN ratio. This speculation is consistent with the well-known hypothesis of textural control on the preservation of organic matter in marine sediments (Keil and Hedges, 1993; Mayer, 1994; . According to this hypothesis, the capacity of sediment to preserve organic matter over the long term primarily depends on the specific surface area of sediment grains, because organic matter can persist by avoiding bacterial enzymatic degradation stereochemically through the formation of a thin layer that fills sediment micropores. Although this hypothesis has subsequently been revised (Mayer and Xing, 2001; Mayer et al., 2004) , it is still accepted that the mineralogy of sediment grains strongly controls the stability of organic matter. In this context, the specific surface area of the sediment is larger, and the capacity for organic matter preservation is thus higher, in fine-grained sediments, such as the muddy sediment from site 1 (05-1, 06-1), than in sand-dominated sediments, such as those from site 2 (05-2, 06-2) (Table 1) . Presumably, this difference explains the more refractory nature of organic N produced by biotic and abiotic immobilization processes in sediment 05-1 in comparison with that in 05-2. The OC/TN ratio is another possible factor that affected the bacterial degradation of SON. When the OC/TN ratio of the degradable organic matter is much higher than the C/ N ratio of bacteria, degradation proceeds under N-limited conditions. In such a case, SON tends to be conserved as bacterial biomass, and even DIN in the ambient water will be incorporated by bacteria into SON. In contrast, the degradation of organic matter with low OC/TN ratios leads to OC-limited growth of bacteria, which results in the enhanced remineralization of SON into DIN. Although it is difficult to determine the OC/TN ratio of the degraded fraction of SON in the degradation experiments from the available data, the fact that DIN was not depleted during the incubation, but instead accumulated in the latter half of the incubation period (Fig. 6) suggests that the overall degradation proceeded under relatively OC-limited conditions. The accumulation rate of DIN was significantly higher in the experiments with sediment 05-2 than in those with sediment 05-1 (Fig. 6) . In fact, the OC/TN ratio of bulk sediment organic matter was lower in the 05-2 than in the 05-1 samples (Table 1) . Therefore, the higher degradability of SO 15 N observed in the 05-2 samples than in the 05-1 samples might be ascribed in part to the difference in the OC/TN ratio.
Implications for the marine nitrogen cycle
Abiotic processes have long been overlooked as a potential pathway of the immobilization of N in marine sediment. However, the abiotic immobilization of DIN, particularly NO 2 -and NH 4 + , is a well-documented phenomenon in the terrestrial environment, and it has recently been argued to play a central role in fixing rN from atmospheric deposition in forest and grassland soils (Barrett et al., 2002; Fitzhugh et al., 2003b) . In this study, NO 2 -was found to be immobilized abiotically in marine sediment with biogeochemically significant reaction rates. Also in the case of soil systems, NO 2 -has often been recognized as the most efficient species of DIN in terms of the reaction with soil organic matter to form organic N (Fitzhugh et al., 2003a) .
Abiotic immobilization of NO 2 -in soils is believed to proceed through nitrosation of phenolic and other reactive moieties of natural organic matter with NO 2 -, which is favored under acidic conditions and in the abundance of polyphenolic compounds, such as tannins and lignins (Azhar et al., 1986; Thorn and Mikita, 2000) . Because NO 2 -is spontaneously oxidized to NO and NO 2 under strongly acidic conditions (Smith and Chalk, 1980) , the fixation of NO 2 -by soils is generally most favored at a weakly acidic pH of 3-5 (Nelson and Bremner, 1969) . As the coastal marine sediments used in the present study contained terrestrial organic matter (as suggested by d
13 C values), lignin-like macromolecules that provided potential reaction sites for the immobilization of NO 2 -were presumably abundant in these sediments.
In acidic soil systems, the abiotic immobilization of NO 2 -by soil organic matter often proceeds very rapidly, being mostly completed within 1 day (Fitzhugh et al., 2003b) , and thus can act as an instantaneous sink of NO 2 -that is produced by in-situ nitrification from NH 4 + (Azhar et al., 1986) . In contrast, this study revealed that the abi-otic immobilization of NO 2 -proceeded more slowly and ceased only after about 2 weeks in marine sediments. The turnover time of pore water NO 2 -due to abiotic immobilization has been estimated to be 5.0-7.1 days. Such a slow reaction rate may be ascribed to the neutral to weakly basic conditions of the sediment suspension used for our experiment, which should be suboptimal for nitrosation reactions. Due to the slow reaction rate, abiotic immobilization may not be a very efficient sink of NO 2 -produced by nitrification in marine sediments.
The abiotically immobilized N from NO 2 -was found to be relatively labile against dilute acid (1 M HCl) compared to the biologically immobilized N from NH 4 + , which indicates that the chemical structure of the immobilized N differed between these two samples. Furthermore, it is also likely that the abiotically immobilized N would be more easily remineralized back into DIN by natural bacterial assemblages than the biologically immobilized N. However, the decomposition experiment (Fig. 6 ) demonstrated that the product of abiotic immobilization of NO 2 -in marine sediments was equally resistant to bacterial remineralization as organic N synthesized by indigenous bacteria. About 30-60% of immobilized N was apparently stable for more than 2 months. A similar degree of refractoriness has been reported for the product of abiotic immobilization of NO 2 -in soil systems (Smith and Chalk, 1979) . The sorptive preservation hypothesis (Keil and Hedges, 1993) could be invoked to explain the longevity of organic N produced and the difference in preservation capacity between the marine sediments used in this study. In addition, the abiotic process itself may be essential for the production of refractory organic N. Because abiotic reactions are generally less selective for reactant species and less specific to molecular arrangement than are biotic (enzymatic) reactions, they might be more likely to produce by chance refractory chemical structures that cannot be attacked by microbial enzymes (Keil and Kirchman, 1994) . Such products may persist over the long term in sediments, even when they are not physically protected.
This study demonstrated that, at least under some specific conditions, abiotic immobilization could contribute to the dynamics of DIN and the sequestration of rN in marine sediment (Fig. 7) . For abiotic immobilization to proceed at a significant rate in the marine environment, we suggest that the following three conditions must be met.
(i) The concentration of NO 2 -should be sufficiently high for the reaction to proceed at a significant rate. This study indicated that the abiotic immobilization of NO 2 -could occur at a concentration as low as 20 mM (Fig. 5) . Because NO 2 -is an intermediate with a rapid turnover, the concentration in most marine sediments is an order of magnitude lower than the 20 mM found. However, large amounts of NO 2 -accumulate locally in several extreme environments. Accumulation of NO 2 -is known to proceed in agricultural soils when ammonium fertilizer is applied so heavily that NO 2 --oxidizing bacteria may be poisoned by excess NH 4 + . A similar mechanism of accumulation has also been suggested for the case of eutrophic rivers (Smith et al., 1997) and reflooded lake sediment (Qiu and McComb, 1996) . A high concentration of NO 2 -has often been observed at a specific depth in the redox boundary zone of marine sediment, where NO 2 -is constantly supplied by active ammonium oxidation and/or nitrate reduction (Koike and Terauchi, 1996; Usui et al., 2001; Meyer et al., 2005) . Such a redox boundary zone is widespread in the surface layers of estuarine, coastal, and shelf sediments (Usui et al., 1998) . NO 2 -production by ammonia oxidation in this zone could be further enhanced at the microscale by the ventilation effect of burrowing animals, such as polychaeta (Davey et al., 1990; Hüttel, 1990) . All of the environments mentioned above are putative sites of active abiotic immobilization of NO 2 -. Fur- ther study is required to demonstrate the occurrence of abiotic immobilization and the long-term persistence of the SON produced in such natural environments.
(ii) Reactive organic matter that provides potential reaction sites for nitrosation by NO 2 -should be present in bulk sediment. Polyphenolic compounds, such as tannins and lignins, which are abundant in terrestrial vascular plants (including mangroves), are known to provide good reaction sites (Thorn and Mikita, 2000) . Therefore, the occurrence of active abiotic immobilization may be confined within estuarine and nearshore coastal environments where terrestrial organic matter is abundantly supplied. Seagrass bed sediment is another potential site for the abiotic immobilization of rN because lignins are also contained in seagrasses, particularly in below-ground tissues (Klap et al., 2000) . Therefore, future studies should aim to identify the chemical structures specific to the products of abiotic immobilization of rN and to demonstrate the presence of such structures in natural marine sediments.
(iii) For immobilized N to persist in sediment over the long term or permanently, the sediment should have the capacity to protect organic matter from bacterial degradation. Such a capacity would be correlated with both the properties of the sediment, particularly specific surface area available for the sorption of immobilization products (Mayer, 1994) and the OC/TN ratio of degradable organic matter associated with sediment, and environmental conditions, such as oxygen tension and sediment accumulation rate (Aller, 1998; Kohzu et al., 2011) . The mechanism enabling preservation in sediments of N immobilized by abiotic processes is not likely to differ markedly from that of the preservation of organic C in general. Therefore, the influence of sediment properties such as specific surface area and OC/TN ratio on the production and degradation of both biotically and abiotically immobilized SON should be quantitatively analyzed and compared in future studies.
